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Abstract: We investigated flexible liposomes as a potential oral drug delivery system. However, 

enhanced membrane fluidity and structural deformability may necessitate liposomal surface 

modification when facing the harsh environment of the gastrointestinal tract. In the present study, 

silica-coated flexible liposomes loaded with curcumin (CUR-SLs) having poor water solubility 

as a model drug were prepared by a thin-film method with homogenization, followed by the 

formation of a silica shell by the sol-gel process. We systematically investigated the physical 

properties, drug release behavior, pharmacodynamics, and bioavailability of CUR-SLs. CUR-

SLs had a mean diameter of 157 nm and a polydispersity index of 0.14, while the apparent 

entrapment efficiency was 90.62%. Compared with curcumin-loaded flexible liposomes (CUR-

FLs) without silica-coatings, CUR-SLs had significantly higher stability against artificial gastric 

fluid and showed more sustained drug release in artificial intestinal fluid as determined by in 

vitro release assays. The bioavailability of CUR-SLs and CUR-FLs was 7.76- and 2.35-fold 

higher, respectively, than that of curcumin suspensions. Silica coating markedly improved the 

stability of flexible liposomes, and CUR-SLs exhibited a 3.31-fold increase in bioavailability 

compared with CUR-FLs, indicating that silica-coated flexible liposomes may be employed as 

a potential carrier to deliver drugs with poor water solubility via the oral route with improved 

bioavailability.
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Liposomes are colloidal vesicular structures composed of self-assembled lipid bilayers 

generated when phospholipids are hydrated in an aqueous media. Different classes of drug 

molecules can be encapsulated by liposomes, with hydrophobic drugs typically inserted 

into the lipid bilayers and hydrophilic drugs loaded within the aqueous interior.1–3 

Although liposomes have been extensively studied as drug carriers for parenteral 

administration, their potential application in oral drug delivery has also been studied.4–6 

Oral liposome carriers may provide increased solubility and protection of encapsu-

lated drugs from the harsh environment of the gastrointestinal tract. The fluidity of 

the lipid bilayers and the relatively small size of the liposomes greatly facilitate oral 

absorption.6 However, the instability of conventional liposomes under the physi-

ological conditions typically found in the gastrointestinal tract has hindered clinical 

applications, and therefore a number of approaches have been developed in attempts 

to address this problem.7–9

The most frequently used PEGylation method has been reported to produce 

stable liposomes and enhance the oral bioavailability of poorly soluble and 

low-bioavailability drugs.10,11 In these cases, the poly(ethylene glycol)s (PEGs) were 
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chemically linked to the hydrophilic amino termini of 

phospholipids, forming phospholipid-PEG conjugates for 

physical liposomal structural stabilization and efficient steric 

protection. Similar methods have been used to construct 

oral liposomes, such as polysaccharide-anchored liposomes 

using synthesized glycolipids.12 The above methods can be 

summarized as liposomal surface premodification because the 

lipid conjugates are first synthesized, followed by formulation 

preparation. Researchers have also developed alternative 

postmodification methods, including direct encapsulation of 

liposomes by biomacromolecules or through polymerization 

of functional monomers.13–18 For existing drug-loaded 

liposomes, postmodification can be performed directly 

upon the liposomal surface. The silica-coated liposome 

Liposil, proposed by Devoisselle et al,15 represents one of 

several promising approaches to liposome postmodification 

developed in recent years.15–18 These silica-based particles 

were obtained via liposome templating in a sol-gel reaction. 

Preliminary tests demonstrated that the silica shell was stable 

at pH 1.2 and protected the inner structure, while hydrolysis 

of the silica shell occurred at pH 7.4 and triggered drug 

release. Because sol-gel-derived silica is biocompatible, 

chemically inert, and inexpensive, the silica-coating method 

may provide a potential route for the development of oral 

liposome formulations.18

Flexible liposomes (FLs), or transfersomes, originally 

developed for transdermal drug delivery, are liposome-based 

vesicles mainly composed of phospholipids and surfactants, 

such as bile salts.19,20 Compared with conventional 

liposomes, the membrane flexibility and permeability of 

FLs are greatly increased due to the existence of bilayer 

softening components. FL vesicles can therefore easily and 

rapidly adapt their shape to the surrounding environment. 

It is well known that bile salts and phospholipids enhance 

oral absorption. Moreover, bile salts may induce the phase 

transition of liposomal vesicles and create mixed micelles 

that are excellent vehicles for poorly water-soluble drug 

molecules, as demonstrated by in vitro assays under simulated 

gastrointestinal environments.21,22 Consequently, FLs 

containing bile salts have been explored as a potential drug 

delivery system for oral administration.6,23–25 For example, the 

highly lipophilic drug fenofibrate was encapsulated by FLs, 

greatly increasing the oral bioavailability to a significantly 

higher level than a conventional liposomal formulation.6 

A similar result was obtained using hexamethylmelamine as 

a model drug.25 However, FLs may also encounter problems 

with stability, even more severely than conventional 

liposomes, because of their enhanced membrane fluidity 

and structural deformability. Oral administration requires 

a highly stable structure and leakage of reservoir contents 

before arrival at the absorption sites will significantly 

decrease the bioavailability and pharmacological effect. 

Thus, modification of the surface of FLs is necessary to 

enhance stability and structural integrity against the hostile 

bioenvironment encountered after oral administration.

In this study, poorly water-soluble curcumin was used as 

a model drug. Silica-coated FLs containing curcumin were 

prepared and evaluated both in vitro and in vivo. The oral 

bioavailability of curcumin from silica-coated FLs, FLs, 

and curcumin suspensions was measured and compared. 

Our results clearly demonstrate the efficient combination of 

silica coatings with FLs for improved oral bioavailability of 

a poorly water-soluble drug.

Materials and methods
Materials
Curcumin was obtained from Rongsheng Biotechnology Co, 

Ltd (Xi´an, China). Soybean phosphatidylcholine (SPC) was 

supplied by AVT Pharmaceuticals, Ltd (Shanghai, China). 

Sodium deoxycholate (SDC) was purchased from TCI 

Chemical Reagent Co, Ltd (Tokyo, Japan). Tetraethoxysilane 

(TEOS) was purchased from J&K Scientific Ltd (Beijing, 

China). All other chemicals were of analytic grade.

Preparation of CUR-FL and CUR-SL
CUR-FLs were prepared by the dry-film dispersion method. 

Curcumin, SPC, and SDC (SPC/SDC at 85:15% weight [w]/w) 

were dissolved in methanol/chloroform (1:1 volume [v]/v) 

and evaporated under vacuum in a water bath at 25°C. After 

complete removal of the solvent and a thin film had formed, 

10 mL of phosphate buffer (pH 7.4) was added to the lipid 

film and hydrated for 30 minutes to obtain a crude dispersion 

of liposomes containing 30 mg curcumin. The liposomal 

dispersion was then homogenized by a high-pressure 

homogenizer (ATS, AH100B, Ontario, Canada) at a pressure 

of 1000 bars for 10 cycles, and purified by passing through 

a Sepharose CL-4B (Sigma-Aldrich, St Louis, MO, USA) 

gel-filtration column to remove free curcumin.

CUR-SLs were prepared after obtaining CUR-FLs. 

The key step was silica shell formation. To achieve this, 

the inorganic precursor TEOS was added dropwise to the 

liposome suspension at room temperature to synthesize 

silica shells, and the mixture (TEOS–SPC at a molar 

ratio of 8:1)15 was gently stirred for 48 hours (initial pH 

8.5, with 0.1 mol ⋅ L−1 NaOH used to adjust the pH). To 

counter the possibility of curcumin leakage during the silica 
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condensation step, which could adsorb onto the external 

surface of the silica shell, the samples were purified by 

a Sepharose CL-4B column to remove nonencapsulated 

curcumin and nondeposited silica.

Characterization of CUR-FL and CUR-SL
The particle size and the polydispersity index (PDI) for each 

of the liposome preparations were determined by dynamic 

light scattering (Zetasizer Nano ZS; Malvern Instruments, 

Malvern, UK) at 25°C. Each experiment was carried out in 

triplicate. The microstructures of liposomes were analyzed 

by transmission electron microscope (TEM) (Philips, 

Amsterdam, The Netherlands) using the negative-stain 

method. Samples were diluted in deionized water and 

dropped onto a carbon-coated copper grid coated with 

carbon film. The generated constructs were then stained 

with 2% phosphotungstic acid solution and air dried at room 

temperature. After these steps, TEM observation was carried 

out in bright field mode by electron diffraction at an operating 

voltage of 200 kV.

Infrared spectra were obtained from discs containing SPC 

or silica-coated liposome samples and potassium bromide 

(KBr) powder. Ten scans over the range of 400–4000 cm−1 

were performed at a resolution of 4 cm−1 with 99.999% 

nitrogen.

Entrapment efficiency
The percentage of curcumin encapsulated by silica-coated 

FLs was measured in two steps according to the preparation 

process. First, the entrapment efficiency of CUR-FL was 

determined by gel filtration. The obtained CUR-FLs before 

chromatographic purification were divided into two equal 

parts. One part was purified using the Sephadex CL-4B 

column and the eluent collected. The other part was diluted 

into the same volume of the eluent above. The two samples 

were then treated with 10% Triton X-100 to disrupt the 

vesicular structure to release curcumin. Entrapment efficiency 

of CUR-FL (EE
CUR-FL

%) was calculated as

 EE
CUR-FL

% = W/W
0
 × 100,

where W and W
0
 are the curcumin content in purified FLs and 

total drug in dispersion, respectively. The content of curcumin 

was measured by high pressure liquid chromatography 

(HPLC) (L-2000; Hitachi Ltd, Tokyo, Japan) with a mixture 

of acetonitrile and 2% acetic acid (51:49, v/v) as the mobile 

phase at a flow rate of 0.7 mL ⋅ min−1 and detected at 428 nm. 

The calibration curve was linear over a concentration range 

of 3.125ng/mL-1 with a correlation coefficient of .0.999. In 

the second step, the CUR-SL was purified using the Sephadex 

CL-4B column, and the eluent was sonicated and incubated 

with saline at 37°C under vigorous overnight stirring. The 

sample was then treated with 10% Triton X-100, and the 

released curcumin was detected by HPLC using the method 

described above. The apparent entrapment efficiency of 

CUR-SL (EE
CUR-SL

%) was calculated as

 EE
CUR-SL

% = W′/W
0
′ × 100 × EE

CUR-FL
,

where W′ and W
0
′ are the curcumin content in purified 

silica-coated FLs and total drug in dispersion, respectively.

In vitro release assay
In vitro release of curcumin from formulations was evaluated 

by dynamic dialysis.6 Before the release test, 0.5 mL of 

curcumin formulation was diluted to 3 mL in the release 

medium and placed into a dialysis bag (molecular weight cut 

off 10,000 Da) and incubated in 150 mL of release medium at 

37°C in shaking mode. At designated time intervals, 300 µL 

of release sample was withdrawn and analyzed by HPLC. 

CUR-FL and CUR-SL were then compared under different 

simulated bioenvironments.

Determination of curcumin in mice 
plasma by RP-hPLC
Curcumin in mice plasma was analyzed by HPLC using 

a mixture of acetonitrile and 2% acetic acid in a volume 

ratio of 51:49 (v/v) as the mobile phase at a flow rate of 

1.0 mL ⋅ minute−1. For the measurement of plasma curcumin, 

50 µL of internal standard solution (emodin, 4 µg ⋅ mL−1 in 

ethanol) was added to 0.2 mL plasma. After vortex mixing 

for 1 minute, 500 µL of anhydrous diethyl ether was added 

and again vortex-mixed for 1 minute. After centrifugation at 

10,000 rpm for 10 minutes, the supernatant was withdrawn 

and evaporated under a light stream of nitrogen at room 

temperature. The residue was dissolved in 100 µL of the 

mobile phase and again centrifuged at 10,000 rpm for 

10 minutes. Twenty microliters of the supernatant was then 

injected for HPLC analysis. Quantification was based on the 

peak area ratio R (A
CUR

/A
EMO

). The calibration curve obtained 

was R = 0.0023C + 0.0335 (r = 0.9998, n = 5). The linear 

range was from 3.125 to 400 ng⋅mL−1, with a correlation 

coefficient . 0.999. The lower limit of quantification was 

3.1 ng ⋅ mL−1. The accuracy and precision determination 

were performed with five replicates of three different 

concentrations – low, medium, and high – of quality control 
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samples. Accuracy of the determination of curcumin in 

mice plasma at the low quality control (LQC) level was 

92.12% ± 3.50%; at the medium quality control (MQC) 

level, it was 109.32% ± 3.76%; and at the high quality 

control (HQC), the level was 103.32% ± 0.52%. Within-day 

and between-day precisions were all below 4.0%. The 

average extraction recovery of curcumin in mice plasma 

(n = 5) at the LQC level was 97.49% ± 2.04%; at the MQC 

level was 96.66% ± 3.03%, and at the HQC level was 

97.08% ± 0.38%.

Bioavailability studies
Bioavailability of CUR-SL was compared with those of 

curcumin-loaded FLs and suspensions. Twenty-four Sprague 

Dawley rats weighing 200 ± 20 g were randomly divided 

into three treatment groups and given CUR-SLs, CUR-FLs, 

and curcumin suspensions. The rats were fasted for 12 hours 

before the experiment. The dose of each formulation 

(50 mg ⋅ kg−1, expressed as curcumin equivalent doses) was 

given through gavage administration. Subsequently, 200 µL 

of blood sample was collected from the post-eyelid vein 

into heparinized tubes at indicated time intervals. Plasma 

samples were separated by centrifugation at 10,000 rpm for 

10 minutes, then frozen and stored at −20°C until analysis. 

Curcumin pharmacokinetic parameters were determined 

using the computer software Kinetica 4.4 (Innaphase, 

Philadelphia, PA). C
max

 and T
max

 were observed as raw data. 

The area under the plasma concentration–time curve from 

zero to the last measurable plasma concentration (AUC
0–t

) 

was calculated by the linear trapezoidal rule.

Statistical analysis
Raw data were analyzed using the SPSS statistical software 

(version 11.0, IBM Corporation, Armonk, NY). The 

Student’s t-test was applied, and P , 0.05 was considered 

statistically significant.

Results and discussion
Preparation and characterization  
of CUR-SL
In recent decades, silica-based drug delivery has been a 

leading topic in pharmaceutical science. While traditional 

organic systems (eg, liposomes, micelles, and polymeric 

nanoparticles) suffer limitations, such as low physicochemical 

stability and rapid elimination by the immune system, silica 

particles offer a potentially biocompatible, stable, and stealth 

alternative.26 A large number of silica-based pharmaceutical 

studies have been reported, including controlled and targeted 

drug delivery, even at the subcellular level.27–29 In contrast to 

most of the other reports in this field, Dessivio et al15 proposed 

a hybrid strategy to take advantage of both silica and organic 

systems. The constructed silica-coated liposomes, called 

“Liposil,” possessed the high stability of silica materials and 

versatile drug-loading capabilities of liposomes, providing a 

novel potential carrier for drug delivery, especially in hostile 

bioenvironments. The mechanism behind the formation 

of the stable silica shell upon the liposomal surface was 

first explained as directed by attraction to the quaternary 

ammonium surface of the phospholipids on the silica. This 

was further explained by stabilizing effects achieved through 

the presence of water molecules located between the head 

groups of the phospholipids and the silica surface, forming an 

interfacial H-bonded water layer.30 The silica shell formation 

can be obtained by either a prehydrolysis or a hydrolysis 

process of the inorganic precursor TEOS, according to 

methods described in the literature. While the former process 

includes a preliminary 48-hour hydrolysis of TEOS before 

incubation with liposomes for another 72 hours, the latter 

is based on a synchronous process of precursor hydrolysis 

and surface precipitation for 60 hours.15,17 In our case, we 

chose the second method and further reduced the silica shell 

formation time to 48 hours.

According to the dynamic light scattering (DLS) 

measurement, CUR-SL has a narrow size distribution 

around 157 nm with a polydispersity index of 0.14, while 

freshly prepared samples of CUR-FL had a diameter of 

91 nm (Figure 1). The precipitation of silica on the surface 

of the FLs resulted in the formation of a core–shell-like 

structure, according to TEM (Figure 2). A more spherical 

shape was observed for the silica-coated liposomes than for 

conventional FLs, suggesting a possible external structural 

reinforcement of the ultradeformable lipid bilayer by the 

silica shell.

A Fourier transform infrared (FT-IR) spectroscopy study 

was carried out to confirm the presence of the silica coating in 

the formulation. Figure 3A shows the FT-IR spectra of blank 

FLs and silica-coated FLs without curcumin (SLs). For FLs, 

the peak observed at 2924 cm−1 was attributed to methylene 

C−H antisymmetric stretching, and the peak at 1087 cm−1 was 

due to the P−O of SPC.31,32 The FT-IR spectra of SLs showed 

vibrational absorption bands centered around 1080 cm−1 

(asymmetric Si−O−Si stretching), 859 cm−1 (Si−O−Si bending 

vibration), and 470 cm−1 (Si−O bending), providing direct 

evidence confirming the formation of the silica shell.16–18

The FT-IR spectra of curcumin, CUR-FL, and CUR-SL 

are shown in Figure 3B. The bands at 3444 cm−1 (O−H), 
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1508 cm−1 (C=C), and 1280 cm−1 (C=O) of curcumin 

correspondingly shifted to 3421 cm−1, 1635 cm−1, and 

1237 cm−1 of CUR-FL, suggesting the encapsulation of 

curcumin in liposomes.33 In addition, CUR-SL showed 

Si−O−Si stretching through a band around 1080 cm−1, which 

was similar to that for SLs.

The encapsulation eff iciency of CUR-FL was 

93.28% ± 2.51% (n = 3). No obvious drug leakage or 

liposome structure destabilization was observed under the 

mild silica-coating conditions. Because of sensitivity of 

silica coatings to ultrasonic sound and the hydrolysis of 

silica coatings at neutral pH,15 we chose a method combining 

sonication and incubation at neutral pH to completely 

remove the silica shell from CUR-SLs. The concentrations 

of CUR-FL before and after silica encapsulation, referred 

to as C
0
′ and C′, varied little, and the ratio of C′ to C

0
′ was 

about 0.97. The mean value of the apparent encapsulation 

efficiency in CUR-SL, based on the value in CUR-FL, was 

calculated as 90.62% (n = 3).

In vitro release and stability
In vitro release under a simulated bioenvironment has been 

used as an important indicator of in vivo performance. We 

compared in vitro release profiles of CUR-SL and CUR-FL 

(Figure 4), using 2% sodium dodecyl sulfate in both artificial 

gastric and intestinal fluids to serve as a surfactant to improve 

the solubility of curcumin. To distinguish free curcumin 

molecules from those associated with liposomes, a dynamic 

dialysis method was used to prevent the escape of liposomal 

particles into the outer release medium.

The release assay in artificial gastric fluid was performed 

within 5 hours because normal stomach emptying has several 

hours duration. The amount of drug release from FLs was 

significantly reduced when encapsulated by the silica 

shell, indicating the protection of the inner liposome structure 

in acidic conditions by the silica coating. In the artificial 

intestinal fluid, a more sustained drug release was observed 

for silica-coated FLs, possibly due to the gradual rupture of 

the silica shell on the liposomal surface.

In vitro stability was also determined. After maintenance 

at room temperature for one month, the particle size 

of CUR-FL increased 5.85-fold, while that of CUR-SL 
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Figure 1 Vesicle sizes of (A) CUR-FL and (B) CUR-SL as determined by dynamic light scattering.
Abbreviations: CUR-FL, curcumin-loaded flexible liposomes; CUR-SL, silica-coated flexible liposomes loaded with curcumin.

Figure 2 Morphologies of flexible liposome (A) and silica-coated flexible liposomes 
(B), measured by transmission electron microscopy (bar = 50 nm).
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Figure 3 (A) FT-IR spectra of SL and FL (B) FT-IR spectra of CUR, CUR-FL, and 
CUR-SL.
Abbreviations: FT-IR, Fourier transform infrared; SL, silica-coated flexible 
liposomes; FL, flexible liposomes; CUR, curcumin; CUR-FL, curcumin-loaded flexible 
liposomes; CUR-SL, silica-coated flexible liposomes loaded with curcumin.
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increased almost 40%. A similar trend was observed at 4°C 

for CUR-FL and CUR-SL (254.73 versus 19.89% change 

in particle sizes, P , 0.01). These results demonstrate an 

improvement in the release properties and the superiority of 

CUR-SLs over CUR-FLs.

Bioavailability studies
To further investigate the role of silica shell, the oral 

bioavailability of CUR-SL in rats was compared with those 

of curcumin suspensions and FLs. Mean concentration 

data were plotted against time to create plasma curcumin 

concentration versus time profiles (Figure 5). The double-peak 

phenomenon observed was possibly due to the enterohepatic 

circulation of curcumin.34

After gavage administration, liposomal formulations 

showed significantly improved absorption files over a plain 

curcumin suspension. After normalization by the AUC
0−t

 value 

of the curcumin suspension, the bioavailability of CUR-FL was 

approximately 2.35-fold higher. Furthermore, CUR-FL showed 

greater absorption than a curcumin suspension, as indicated by 

their respective C
max

 values (128.78 vs 71.35 ng ⋅ L−1; P , 0.01). 

FLs containing bile salts have been reported to enhance the oral 

absorption of poorly water-soluble drugs. Possible mechanisms 

include but are not limited to an enhancement effect by sodium 

deoxycholate on liposome vesicle–micelle phase transition and 

carrier-mediated transmembrane absorption conferred by the 

ultradeformability of FLs.6,21,22 In this study, a positive effect 

by FLs on the poorly water-soluble curcumin was observed, 

but the unstable structure of the FLs necessitated surface 

modification for further application in drug delivery. After the 

silica cladding on the liposomal surface, the peak in plasma 

curcumin with CUR-SL delivery was delayed compared with 

CUR-FL (3 hours versus 0.75 hour; P , 0.01), with more 

sustainable plasma concentrations. The highest absorption was 

exhibited by CUR-SL, with greater C
max

 and AUC
0−t

 values 

than CUR-FL (446.66 vs 128.78 ng ⋅ L−1 (P , 0.01) and 

673.79 vs 203.64 ng ⋅ hour ⋅ L−1; P , 0.01). It is remarkable 

that the silica-coating strategy improved the properties of FLs, 

both in vitro and in vivo.

Conclusion
Curcumin has aroused great interest worldwide because 

of its various biological activities. However, its relative 

insolubility in water and instability cause extremely 

low oral absorption, which greatly restricts its clinical 

application. Therefore, multidisciplinary methods have 

been explored over several decades to improve the in vivo 

behavior of curcumin. For example, structural modification 

or cyclodextrin complexation has been used as molecular 
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strategies to enhance the oral bioavailability of curcumin.35,36 

Researchers have also investigated nanoscale formulations of 

curcumin, such as liposomes, microemulsions, and micelles, 

for potential therapeutic applications.37–42 The nanoscale 

effect by which such drug delivery systems improve the oral 

performance of curcumin involves increasing the surface area 

and interactions of curcumin, thereby providing better water 

dispersibility to enhance its absorption.38

In this study, a novel silica-coating liposomal strategy 

was used to construct a nanohybrid formulation for curcumin. 

Silica-coated FLs were prepared by the dry-film dispersion 

method, combined with a sol–gel precipitation upon the 

liposomal surface. The stability of the resultant formulation 

was signif icantly improved but retained the existing 

advantages of liposomal delivery. In vivo assays showed 

enhanced oral bioavailability of curcumin by FLs surrounded 

by a silica shell compared with conventional FLs and plain 

suspensions of curcumin. This indicates that silica-coated 

FLs have potential applications as a novel oral delivery 

system, especially for poorly water-soluble drugs.
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